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Abstract 
Advanced additive manufacturing technologies, namely Biomanufacturing, are being used to fabricate scaffolds with controlled 
architecture for tissue engineering applications. These technologies combined with computer-aided design (CAD) enable to 
produce three-dimensional structures layer-by-layer in a multitude of materials. Actual prediction of the effective mechanical 
properties of scaffolds produced by Biomanufacturing, is very important for tissue engineering applications. A novel computer 
based technique for scaffold design is topological optimisation. Topological optimisation is a form of “shape” optimisation, 
usually referred to as “layout” optimisation. The goal of topological optimisation is to find the best use of material for a body 
that is subjected to either a single load or a multiple load distribution. This paper proposes a topological optimisation scheme in 
order to obtain the ideal topological architectures of scaffolds, maximising its mechanical behaviour. 
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1. Introduction 
In tissue engineering, the formation of tissue with desirable properties strongly relies on the mechanical 
properties of the scaffolds at a macroscopic and microscopic level. Macroscopically, the scaffold must bear loads 
to provide stability to tissues while it is being formed fulfilling its volume maintenance function. At the 
microscopic level, both cell growth and differentiation and ultimate tissue formation are dependent on the 
mechanical input to cells. Thus, the scaffold must be able to withstand specific loads and transmit them in an 
appropriate way to the growing and surrounding cells and tissues. 
Ideally, scaffolds must be biocompatible, biodegradable with a degradation rate matching the regeneration rate 
of the new tissue, highly porous structures with fully interconnectivity between pores, with appropriate mechanical 
properties and surface characteristics [1]. 
The design of optimised scaffolds for tissue engineering is a key topic of research, as the complex macro- and 
micro- architectures required for a scaffold depends on the mechanical properties, physical and molecular queues 
of the surrounding tissue at the defect site. One way to achieve such hierarchical designs is to create a library of 
unit cells (the scaffold is assumed to be a “Lego” structure), which can be assembled through a specific 
computational tool [2-6]. 
In this research work, a topological optimization strategy is presented to find out the best material use for a 
construct subject to either a single load or a multiple load distribution. The proposed topological optimization 
scheme enables the design of ideal topological architectures for scaffolds maximizing its mechanical behaviour. 
2. Topological Optimisation 
The classical problem in engineering design consists in finding the optimum geometric configuration of a 
structure that maximizes a given cost objective function with boundary conditions and constraints. Structural 
optimisation can be classified as follows [7,8]: Size optimisation; Shape optimisation and Topology optimisation. 
In size optimisation, only the cross section of a structure is optimised. A typical size feature of a given structure, 
such as the thickness of a beam, is either increased or decreased in order to improve its performance. In shape 
optimisation, the shape of the structure is obtained by changing the shape of the used components with other 
components of different shape, in order to improve a desired variable within a system. In topology optimisation, 
the shape and connectivity of the domain are both design variables. 
Topology optimisation provides the first design concept of the structure’s materials distribution. Its goal is to 
minimise the structure compliance while satisfying the constraints of volume removal. As the structure compliance 
is twice the strain energy, the objective function of minimising structure compliance is equivalent to minimising 
strain energy [9,10]. 
In spite of several attempts to define optimised scaffolds [11-16], there is no work correlating both porosity and 
mechanical properties with topological information. Scaffolds must be highly porous structures but also effective 
from a mechanical point of view. This is a complex issue, fundamental for tissue engineering applications and not 
yet fully addressed. This chapter proposes an optimised strategy to obtain scaffolds with an appropriate topology 
maximizing both porosity and mechanical behaviour. The methodology proposed in this chapter is of simple 
implementation and does not require high computational calculation time. 
2.1. Topological Optimisation 
Topological optimisation, aiming to find the best use of material according to a “maximum-stiffness” design, 
requires neither parameters nor the explicit definition of optimisation variables. The objective function is 
predefined, as are the state variables (constrained dependent variables), and the design variables (independent 
variables to be optimised). The topological optimisation problem requires the problem definition (material 
properties, model and loads), the objective function (the function to be minimized or maximized), and the state 
variables corresponding to the percentage of material to be removed [8,9,10,217,18]. 
From a mechanical point of view, the goal of topological optimisation is to minimise the total compliance, 
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which is proportional to the strain energy. Figure 1 illustrates the general topology optimisation scheme considered 
in this work. 
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Fig. 1. A general topological optimisation process. 
The design variables are internal, pseudo-densities that are assigned to each finite element in the topological 
problem. The pseudo-density for each element varies from 0 to 1, where 0i  represents material to be 
removed, and 1i  represents material that should be (Fig. 2). 
 
 
Fig. 2. Illustration of a topological optimisation. 
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For a given domain 32 , regions t  and fixed boundaries, the optimisation goal is to find the 
optimal elasticity tensor xE ijkl , which takes the form [20,21]: 
ijklijkl ExxE   (1) 
where ijklE  is the constant rigidity tensor for the considered material and x  is an indicator function for a 
region *  that is occupied by material: 
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t
dstudxfuul       (5) 
The optimisation problem considered here is defined as follows: 
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2.1.1. Finite Element Discretisation for the Optimisation Problem 
The domain  is represented as a collection of a finite number of subdomains. This is called discretisation of the 
domain. Each subdomain is called an element and the collection of elements is called the finite element mesh. In this 
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case, x  was discretised by assigning a constant value on each element of the finite element model, establishing a 
suitable piecewise constant function x*  to approximate x . 
2.1.2. Topological Optimisation Algorithm 
The algorithm considered to obtain the solution of the minimum compliance problem is based on the following 
update strategy (Vogel, 1997): 
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with an appropriate weighing factor , a move limit  and an upper limit 0eps . To perform the update 
strategy in Equation 6.7 for a given data ke , ne ,...,1 , eps, ,  it is necessary first to compute 1keD , ne ,...,1  which is given by the following equation: 
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The Lagrange parameter  is updated by solving the equation: 
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in an inner interaction using an appropriate root finding algorithm (Bisection Method, Newton’s Method, Secant 
Method, False Position Method). The selected method was the Bisection Method which is less efficient than 
Newton’s Method but it is also much less prone to odd behaviour. 
3. Topological Results and Discussion 
A solid cubic block with 5 mm of size made of PolyCaprolactone (elastic modulus of 400 MPa and Poisson’s 
ratio of 0.33) was considered. A mesh of 15625 cubic solid elements of 0.2 mm of size was used to model the 
block. The optimisation goal is to obtain the best material distribution within the geometric space that corresponds 
to the solid block, maximizing the mechanical behaviour of the construct based on an imposed porosity value. 
Different levels of porosity were considered (10 % to 90 % with increments of 10). The block element was 
assumed to have a linear elastic behaviour, so strain values of 0.1 were simulated by imposing a corresponding 
displacement according to the strain direction considered. The optimisation scheme described previously was 
implemented using the finite element software Ansys. A total number 100 iterations for each calculation was 
considered and the convergence tolerance parameter for each calculation was assumed to be 1E-4. 
Based on the strain locations, different optimisation scenarios were considered as follows: 
 
 Scenario 1: all the edges of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the block faces were submitted to strains in all directions ( xx, yy, zz). 
 Scenario 2: all the edges of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the faces were submitted to strains in two directions ( xx, yy), ( xx, zz), ( yy, zz). 
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 Scenario 3: all the edges of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the faces were submitted to a strain in one direction ( xx, yy or zz). 
 Scenario 4: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the faces were submitted to strains in all directions ( xx, yy, zz). 
 Scenario 5: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the faces were submitted to strains in two directions ( xx, yy), ( xx, zz), ( yy, zz). 
 Scenario 6: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the faces were submitted to a strain in one direction ( xx, yy or zz). 
 Scenario 7: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the edges were submitted to strains in all directions ( xx, yy, zz). 
 Scenario 8: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the edges were submitted to strains in two directions ( xx, yy), ( xx, zz), ( yy, zz). 
 Scenario 9: all the vertices of the block were constrained (no displacements or rotations in the X, Y, Z 
plane) and the edges were submitted to a strain in one direction ( xx, yy or zz). 
 Scenario 10: faces were submitted to strains in a single direction ( xx, yy or zz) and the remaining 
faces were constrained. 
 Scenario 11: faces were submitted to strains in two directions ( xx, yy), ( xx, zz), ( yy, zz) and the 
remaining faces were constrained. 
 Scenario 12: edges were submitted to strains in a single direction ( xx, yy or zz) and the remaining 
edges were constrained. 
 Scenario 13: edges were submitted to strains in two directions ( xx, yy), ( xx, zz), ( yy, zz) and the 
remaining edges were constrained (Fig. 3). 
 
 
Fig. 3. Illustration of a topological optimisation. 
The obtained results were: 
 
 Scenarios 1, 4, 5, 6, 7, 10, 11: No valid topological scaffold models were obtained in this simulation 
scenario, either due to a shell or non-interconnected models. 
 Scenario 2: These scenario presents 2 valid topological scaffold models were obtained in this 
simulation scenario. 
 Scenario 3: These scenario presents 2 valid topological scaffold models were obtained in this 
simulation scenario. 
 Scenario 8: These scenario presents 5 valid topological scaffold models were obtained in this 
simulation scenario. 
 Scenario 9: These scenario presents 4 valid topological scaffold models were obtained in this 
simulation scenario. 
 Scenario 12: These scenario presents 4 valid topological scaffold models were obtained in this 
simulation scenario. 
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 Scenario 13: These scenario presents 7 valid topological scaffold models were obtained in this 
simulation scenario (Fig. 4). 
 
a)  b)  c)  
d)  e)  f)  
g)  
Fig. 4. Illustration of topologically optimised scaffold models from Scenario 13 with a porosity of a) 30 % b) 40% c) 50 % d) 60 % e) 70 % f) 
80 % g) 90 %. 
Both scenarios 2 and 3 only present 2 valid topological solutions for 80 % and 90 % porosity. By comparing 
both, the first scenario presents higher biological performance due to its interconnectivity in 2 directions instead of 
just 1 in the second scenario. 
Scenarios 9 and 12 present 4 valid topological solutions for 60 %, 70 %, 80 % and 90 % of porosity. In this 
case, scenario 12 presents the best results due to the fact that all 4 solutions present pore interconnectivity in all 3 
directions, when compared to scenario 9 which only 3 present pore interconnectivity in all directions. 
Scenario 8 presents 5 valid topological solutions for, ranging from 50 % to 90 % in porosity. All 5 solutions 
present pore interconnectivity in all 3 directions. 
The scenario 13 is the scenario that presents the highest number valid topological solutions. In this case, all 
solutions present pore interconnectivity in all 3 directions ranging from 30 % to 90 %. 
From the results, it is possible to conclude that the best given topological optimised scenario is the 6th, which 
corresponds to the scenario with constraints on the edges in 1 direction and the displacements on the edges but in 2 
directions. 
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4. Conclusions 
Advanced additive manufacturing technologies, namely Biomanufacturing, are being used to fabricate scaffolds 
with controlled architecture for tissue engineering applications. These technologies combined with computer-aided 
design (CAD) enable to produce three-dimensional structures layer-by-layer in a multitude of materials. Actual 
prediction of the effective mechanical properties of scaffolds produced by Biomanufacturing, is very important for 
tissue engineering applications. A novel computer based technique for scaffold design is topological optimisation. 
Topological optimisation is a form of “shape” optimisation, usually referred to as “layout” optimisation. The goal 
of topological optimisation is to find the best use of material for a body that is subjected to either a single load or a 
multiple load distribution. This paper proposes a topological optimisation scheme in order to obtain the ideal 
topological architectures of scaffolds, maximising its mechanical behaviour. 
In this analysis, several scenarios were considered, combining loading and constraint conditions on vertices, 
edges and faces. In this case, two types of design models were obtained, invalid and valid scaffold models. Design 
models that present a shell structure or non-interconnected designs are considered invalid scaffold models, while 
design models that present interconnectivity in 1, 2 or 3 directions are considered valid scaffold models. 
From the results, it is possible to conclude that the best topological scenario corresponds to a scenario with 
constraints on the edges in 1 direction and displacements on the edges in the other 2 directions, obtaining 7 valid 
scaffold design models with interconnectivity in all 3 directions. 
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